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Abstract
Migration is a common life history strategy across the animal tree of life. This behavior is
energetically demanding and may trigger strong selection for the evolution of an optimal
ecomorphology to lessen energetic costs, yet the ecomorphology of migratory aquatic species
remains poorly understood. Previous studies have demonstrated that migratory fishes exhibit
predictable phenotypic patterns in body size evolution in response to evolving migration:
migratory fishes are larger than non-migratory fishes. Migratory fishes may also have functional
traits (e.g. fin shape) associated with locomotion that have experienced similar selective forces
and exhibit predictable evolutionary patterns, resulting in migratory lineages sharing a single
adaptive peak. Fishes display an extreme migratory behavior called diadromy, which is the
migration between fresh and saltwater environments. Diadromy has independently evolved more
than 10 times within Clupeiformes, an order of ray finned fishes that includes anchovies, herring,
sardines, and their allies. In this study, I investigated the phenotypic differences of locomotive
traits among diadromous and non-diadromous Clupeiformes. I hypothesized that (1) diadromous
and non-diadromous species will differ in locomotive traits and body shape and (2) diadromous
and non-diadromous species will display no differences in morphological traits that are not
associated with locomotion. I tested these hypotheses by employing linear morphometrics and
phylogenetic comparative methods to analyze phenotypic traits across 15 diadromous and 77
non-diadromous clupeiformes. My results provided evidence that diadromous and nondiadromous species significantly differ in caudal aspect fin ratio (P = 0.02) and body width (P =
0.047), however there was a great deal of variation among all Clupeiformes in this study.
Overall, my results demonstrated that diadromous species do not occupy a single adaptive peak.
Instead they are found in several regions of morphospace, suggesting that a many-to-one
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mapping scenario may better describe migratory ecomorphology. Morphological trade-offs can
play a critical role in the form-performance impact on populations, and it can inhibit or put
constraints on the optimization of a species and its ecological success.

Introduction
Migration is a phenomenon that has long fascinated scientists and the general public
(Dingle, 2014). Migration is found in nearly all major animal lineages, such as mammals, birds,
insects, reptiles, and fishes (Dingle, 2014). There are many challenges that are associated with
this energetically demanding life strategy, including reacting timely with environmental cues,
ideal feeding and digestion times, and optimal energy balance during locomotion (Bowlin et al.,
2010). Evolving energetically efficient strategies is a critical adaptation for long-distance
migration (Bowlin et al., 2010). As a result, migratory species may evolve an optimal
ecomorphology to lower energetic costs of migration. Strong selection often favors a common
phenotype, resulting in widespread convergent evolution (Bloom et al., 2018; Hahn et al., 2016;
Webb, 1984). If selection has optimized the ecomorphology of migratory fishes they may reside
on one adaptive peak, whereas non-migratory species may display a wide range of
ecomorphologies and dwell on multiple adaptive peaks.
Many studies have investigated the ecomorphology of migratory avian and terrestrial
species. For example, bats have evolved a small vascularized hairless window under their wings
to help facilitate thermoregulation during nocturnal flights (Bowlin et al., 2010) and birds have
evolved a longer wing span (Hahn et al., 2016) and a smaller brain size (Sol et al., 2010) to cope
with locomotive and cognitive efficiency. Migratory ungulates have optimized migration
pathways by using food rich stop over sites to increase fuel energy and minimize the duration of
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migration, which both increases efficiency and has secondary effects such as reduced predation
risk (Sawyer & Kauffman, 2011). The challenge of energy demands during long distance
migration has been well studied in avian and terrestrial populations, but has been remained
poorly understood in aquatic species.
An extreme type of migration within fishes is diadromy, the seasonal movement between
fresh and saltwater environments (McDowall, 1992). Diadromy is a rare behavior, occurring in
only 1% of 29,000 bony fish species (McDowall, 2001, 2008). There are two opposite forms of
diadromy; anadromy and catadromy (McDowall, 1997). Anadromous species live and feed in the
oceans but return to freshwater rivers to spawn, whereas catadromous species live and feed in
freshwater and migrate to the ocean to spawn (Myers, 1949; McDowall, 2003). Diadromy is a
challenging life history that requires fishes to traverse numerous miles and overcome barriers
(Ohlberger et al., 2006). Many questions have emerged about the advantageous attributes that
diadromous species may evolve to benefit their adapted lifestyle (Snyder & Dingle, 1990). The
evolution of adaptive ecomorphological traits to help overcome hydrodynamic forces and
increase swimming efficiency would be an optimal change in morphology to lower the energetic
costs of migration for diadromous species.
Investigating morphological differences between diadromous and non-diadromous
species would give insight into what traits are under selection in diadromous species to facilitate
long distance migration. Roff (1988) proposed that migratory fish should evolve larger body
sizes than non-migratory species because an increase in body mass decreases energetic cost and
increases swimming efficiency. This hypothesis was supported in Clupeiformes, in which
diadromous lineages evolved larger body size than non-diadromous relatives due to strong
selection over macroevolutionary scales (Bloom et al., 2018). While this demonstrates an

4

evolutionary pattern of phenotypic differences between diadromous and non-diadromous species
it remains unknown if functional traits associated with locomotion have experienced similar
selective forces and exhibit predictable evolutionary patterns.
Body shape and locomotive functional traits (e.g. fins and caudal peduncle) have been
linked to energetic demands of swimming efficiency and can set limitations on species ability to
use a variety of habitats (Ohlberger et al., 2006; Webb, 1984). Many pelagic fish have evolved a
more streamline body, which is a change in morphology that decreases the locomotive costs of
swimming (Ohlberger et al., 2006). A streamlined body reduces drag by decreasing the point of
boundary layer separation (Vogel, 1981). The boundary layer is the immediate layer of water
around the fish’s body, and the early separation of this boundary layer from the fish’s body
increases drag thus decreases swimming efficiency (Ohlberger et al., 2006;Vogel, 1981).
Diadromous species may evolve a more streamlined body shape to reduce drag and overall
energetic costs, whereas non-diadromous species could display a wide range of body shapes.
Other locomotive traits that are known
to influence swimming abilities of
fishes include fins and the caudal
peduncle (Fig. 1). Fins are a major

Figure 1. Displays the anatomy of fish fins and caudal peduncle.
peduncle.

functional axis of variation across all fish species and provide fish with large amounts of
locomotor force, by maximizing thrust and minimizing drag (Lauder et al., 2002; Webb,
1984).The dorsal, pelvic, and anal fin play a major role in stabilization and orientation while
swimming at high speeds, whereas the pectoral fin acts as a “steering wheel” providing the fish
with direction (Lauder et al., 2002; Fig 1.). However, the ability for a fish to overcome
hydrodynamic forces for long distances is most dependent on the caudal fin (tail fin) because it
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acts on two major opposing forces: lift and drag, which gives the fish the ability to propel itself
through the water (Lauder, 2000; Webb,1984; Victor & Sambilay, 1990). Fish with a small
caudal fin surface area, such as a Tuna (Thunnus obsesus; Fig. 2), have been shown to maintain
maximum speed while reducing drag, making their morphology favorable for sustained
swimming (Lauder, 2000; Victor & Sambilay, 1990). A caudal fin with a large surface area
generates both high thrust and drag, which requires
greater amounts of energy to move small distances
(Victor & Sambilay, 1990). The shape of the caudal fin
has displayed evolutionary connections to the dimensions
Figure 2. Displays a picture of a Tuna (Thunnus
obsesus) with a high aspect ratio (small surface
area) and a short and narrow caudal peduncle.

of the peduncle shape (Webb 1984; Victor & Sambilay,

1990). The peduncle is a stem like structure located at the base of the fish which is composed
entirely of muscle and is responsible for propelling the fish through the water (Fig. 1). A narrow
and short peduncle connected to a fin with a small surface area is an optimal convergent
morphological package that maximizes thrust and minimizes drag (Webb, 1984). Fishes with
short and narrow peduncles are able to more efficiently to maintain continuous swimming speeds
during long migrations, whereas longer and broader peduncles are more energetically demanding
(Webb, 1984).
Clupeiformes (herring, sardines, anchovies, and allies ), an order of ray-finned fishes,
encompasses roughly 400 species in which more than 30 have been described as diadromous
(Bloom et al., 2018). Clupeiformes have a proportion of diadromous species 10 times greater
than any other major fish clade (Bloom et al., 2018; McDowall, 2003). In addition to the
magnitude of diversity present within the clade, Bloom and Lovejoy (2014) determined that
diadromy has independently evolved more than 10 times. This provides an ideal phylogenetic
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framework and a natural experiment for investigating the evolutionary trajectory of
morphological traits within diadromous and non-diadromous fishes. This system allows specific
comparisons of phenotypic differences between locomotive and non-locomotive traits, in regard
to swimming efficiency during long distance migration.
The highly energetic life of diadromous fish versus non-diadromous species suggest that
traits associated with locomotion are subjected to strong selection in diadromous species. In this
study, I compared the ecomorphology of diadromous and non-diadromous clupeiforms. I
hypothesized that if diadromous species are under strong selection they will reside on one
adaptive peak whereas non-diadromous species may lay on multiple peaks. I predict that (1)
diadromous species and non-diadromous species will differ in locomotive traits as well as body
shape and (2) diadromous and non-diadromous species will display no differences in
morphological traits that are not associated with locomotion. I tested these predictions by
employing linear morphometrics and phylogenetic comparative methods to analyze phenotypic
traits across the clupeiform lineage.

Methods
Collecting Morphometric Data
I collected morphological data on museum specimens stored in 75% ethanol for
preservation. If specimens were not preserved well and could not represent all desired linear
traits accurately, they were not used for this study. Using digital calipers, I measured 1-10
specimens per species from 92 Clupeiform species for a total of 565 specimens. Of the 92
species measured, 15 are classified as diadromous and the remaining 77 non-diadromous. I
measured 13 phenotypic traits from the right side of each specimen, including the following
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locomotory traits: standard length, body depth, body width, body position of maximum depth,
peduncle length, peduncle depth, caudal fin depth, caudal fin height, caudal aspect ratio, and
fineness ratio. I also collected data on three traits that are associated with foraging and diet: head
height, head length, and gill rakers.

Table 1. Displays the descriptions of each linear measurement. All measurements were taken on the right side of the fish and measured to the
nearest hundredth decimal place.

Caudal fin depth and caudal fin height were used to measure the total surface area of the caudal
fin. The surface area of the caudal fin was calculated by using the caudal aspect ratio. This ratio
divides the squared caudal fin height by the caudal fin depth (Victor & Sambilay, 1990; Table.
1). Fish species with a high caudal aspect ratio have a caudal fin with a small surface area and
species with a small aspect ratio have a caudal fin with a large surface area. The body shape of
the specimens was approximated using a fineness ratio. Fineness ratio incorporates linear
measurements such as body depth, body width and standard length (Bainbridge, 1960; Table.1).
Species with a larger fineness ratio have a more streamlined body, whereas fishes with a low
fineness ratio have a less streamlined body.
8

Morphometric Analysis
I averaged the measurements of each trait per species which created a single, composite
representative of each species. I log-transformed the representative species for all linear
measurements to create a data set that follows a normal distribution curve The fineness ratio and
caudal aspect ratio were not log-transformed. In order to use phylogenetic comparative methods
to compare diadromous and non-diadromous lineages, I generated a phylogenetic tree to
represent the taxa within my data set. I used a published time-calibrated phylogeny of
Clupeiformes that was based on 6 genes (two mitochondrial genes and four nuclear genes) and
included 190 species (Egan et al., 2018). I reduced the taxa from the Egan et al. (2018)
phylogeny to match my phenotypic dataset using the drop.tip() function in the R package ape
(Paradis et al., 2004; Fig. 3). I used the name.check() function located in the R package geiger
(Harmon et al., 2008) to check for any mismatches between my tree and the phenotypic data set.
Species in my data set were classified as diadromous based on Bloom et al. (2018),
however I revised the classifications of Pellonula vorax and Pellonula leonensis from Bloom et
al. (2018) from anadromous to non-diadromous because there is no reported evidence that these
two species enter marine environments (Whitehead et al., 1988). Alosa chrysochloris was
classified in Bloom et al (2018) as non-diadromous, nevertheless according to the global register
of migratory species, Alosa chrysochloris is now classified as anadromous (Riede, 2004).
Because phenotypic traits covary with standard length, the effect of body size was
removed from all the linear measurements. All measured traits were phylogenetically corrected
for body size using the function phy.resid() located in the R package phytools (Revell, 2012).
Phy.resid() calculates phylogenetically size corrected residuals using a least-squares regression
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(Revell, 2012). These residuals were then used to run a principle component analysis (PCA),

Diadromous
Non - Diadromous

Figure 3. Phylogeny from Egan et al. (2018) used in this study with diadromy mapped on the topology. This tree contains 92 species in
which 15 are diadromous (red) and 77 are non-diadromous (black).
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standard ANOVA, and phylogenetic ANOVA.
Principle component analysis (PCA) is a multivariate analysis that reduces large amounts
of data to a smaller data set in which the variation is more easily depicted. The reduction of the
data creates a visual mapping of variation that can easily be assessed and described (Cangelosi &
Goriely, 2007). Traits were analyzed using a broken stick model to determine the number of axes
of variation to retain (Cangelosi & Goriely, 2007). A standard ANOVA was used to test for
significant variance between diadromous and non-diadromous traits. Finally, a phylogenetic
ANOVA was used to test for differences between diadromous and non-diadromous species
taking into account phylogenetic relatedness (Rohlfs & Nielsen, 2015, Adams & Collyer, 2018).
A phylogenetic ANOVA analysis is more often used in a macroevolutionary lens, where patterns
in morphological datasets are assessed with respect to how many times the morphology of the
same trait has independently evolved, impartial to relatedness(Adams & Collyer, 2018).

Results
PCA Analysis
The broken stick model showed that

Broken Stick Model

most of the variation was present
within principle components (PC) one
and two (Fig 4). Specifically, my PCA
showed that 45.18% of the overall
variation lied within PC one and an
additional 15.29% of variation lied
within PC two (Fig. 5). Together the

Figure 4. Displays the broken stick model that was generated in
R. The greater the slope of the line, or “sticks”, the more
variation displayed in the corresponding component. Because
the slope is greatest in component 1 and component 2, this
correlates to where the majority of the variation lies.
Component 1 and component 2 were the only components to
be analyzed in this study.
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first two principle components accounted for 60.47% of the total variation between interspecific
phenotypic traits.
Within PC one, traits that loaded heavily included body depth (0.443), head height (0.4)
and fineness ratio (-0.436). Body depth and head height seemed to be redundant measurements
and are loaded almost exactly the same. Along PC one, the two extremes weighing heavily
included a diadromous species (Anodontostoma chacunda) on the far right and a non-diadromous
species (Encrasicholina punctifer) on the far left (Fig. 5). There were
no diadromous species present on the far negative axes of principle component one.
PC 2 (Fig. 6) displayed heavy loadings on caudal aspect ratio (-0.655) and peduncle
length (-0.643). The two extreme ends of PC two included a non-diadromous species

Figure 5. Displays the PCA of diadromous (red) and non-diadromous species (blue). The pictures located on the PCA
is to help visualize the variation presented in the studied species.
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Figure 6. Displays the PCA with vectors for each trait. The vectors displayed along principle component one are the traits
that loaded the heaviest, meaning that most of the variation between species lied within these traits These traits include
body depth, head height, and fineness ratio. The vectors displayed along principle component two are traits that loaded
the second heaviest and contained the second highest amount of variation. These traits include peduncle length and
aspect ratio.

(Odontognathus mucronatus) positioned on the top of the axis, and a diadromous species (Alosa
mediocri) positioned at the bottom of the axis. A key variable driving this variation was caudal
aspect ratio; Odontognathus mucronatus had a caudal aspect ratio of 76.76, while diadromous
species, Alosa mediocris had a caudal aspect ratio of 463.70. Overall, the PCA displayed no
evidence of two distinct multivariate ecomorphospaces between diadromous and nondiadromous species.
Standard ANOVA
I used standard ANOVA (R Core Team, 2013) to test for significant differences in
variance within phenotypic traits between diadromous and non-diadromous species. The caudal
fin height and caudal fin depth were not used in the ANOVA analysis because these two traits
were used to calculate the caudal aspect ratio. My ANOVA found the following eight traits were
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not statistically significant between diadromous and non-diadromous species; head height (P =
0.25), head length (P = 0.25), body depth (P = 0.33), body position of maximum depth (P =
0.13), peduncle depth (P = 0.28), peduncle length (P = 0.3039), gill raker count (P = 0.1576) and
fineness ratio (P = 0.2067). My ANOVA showed that body width (P = 0.047) and caudal aspect
ratio (P = 0.02) were statistically significant. The mean body width of diadromous species was
13.82 mm and the mean body width of non-diadromous species was 8.9 mm. The mean caudal
aspect fin ratio of diadromous species was 166.39 mm, and the mean caudal aspect fin ratio of
non-diadromous species was 85.72 mm.
Phylogenetic ANOVA
The phylogenetic ANOVA found that no phenotypic trait was different between
diadromous and non-diadromous species; head height (P = 0.66), head length (P = 0.56), body
width (P = 0.32), body depth (P = 0.63), body position of maximum depth (P = 0.43), peduncle
depth (P = 0.59), peduncle length (P = 0.60), gill raker count (P = 0.48), fineness ratio (P =
0.52), and caudal aspect fin ratio (P = 0.23).
Discussion
Migration is a life history strategy that requires optimizing energy efficiency (Bowlin et
al., 2010). Diadromy is an extreme form of migration that requires fishes to migrate between
oceans and river systems, often traveling great distances (McDowall, 1997). As a result, the
ecomorphology of diadromous fishes is predicted to be optimized for efficient locomotion
(Bloom et al., 2018). As a result, diadromous fishes were hypothesized to occupy a single
adaptive peak that is well suited for long distance movement. However, my results show that
diadromous fishes show a wide range of phenotypic variation, which suggests no overlapping
patterns among lineages meaning that diadromous species likely occupy multiple adaptive peaks
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(Fig. 5). For example, principle component one and principle component two did not show any
clustering effects of diadromous and non-diadromous species. The morphospace of diadromous
and non-diadromous species overlap, resulting in no discrete difference in morphology. I
interpret this as evidence that diadromous species do not occupy one adaptive peak but rather
many adaptive peaks in regard to the species’ morphology. The PCA displays specific patterns in
body shape along PC one and a pattern in the caudal fin shape along PC two. The positive
loadings along PC one displays fish with a less streamlined body shape and the species that
occupy the negative loadings on PC one displays a more streamlined body. Both diadromous and
non-diadromous species occupy the positive loadings on PC one, which is associated with
broader body shape, rather than a streamlined body shape. This implies that a broad body shape
is able to facilitate a migratory life style as well as a non-migratory life style. Some nondiadromous species may display strong selection for a streamlined body depending on what
environmental conditions they inhabit (e.g. fast currents). On PC two, the negative loadings
along the axis displayed fish with a high caudal aspect ratio (small surface area). As the species
move up PC 2, the species displayed a low caudal aspect ratio (large surface area). I predicted
that diadromous species would occupy space that displayed a high caudal aspect ratio, however
diadromous species were spread all along PC 2 including both high and low caudal aspect ratio.
The standard ANOVA showed significant results in caudal aspect fin ratio and body
width. Diadromous species presented a higher aspect ratio than non-diadromous species. Caudal
fins with a high aspect ratio have been found to be favorable in long distance swimming due to
the decrease in drag and maximized thrust (Webb, 1984;Lauder, 2000). A caudal fin with a high
aspect ratio connected to a narrow and short caudal peduncle has been an evolutionary
convergent package to minimize the energetic costs of migration as stated before (Webb, 1984). I
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did not detect a coupling between high aspect ratio and a narrow and short peduncle depth.
Instead I found many combinations of caudal peduncle depth, length and caudal aspect ratio in
diadromous lineages. The many combinations that are present may be explained by the many
environmental obstacles diadromous species need to overcomes during their migration. These
environmental obstacles may include fast and slow currents, waterfalls, and the morphology of
the river system. Different combinations of phenotypic traits may change in relation to the
morphology and characteristic of the river.
Body width also differed between diadromous and non-diadromous fish. Diadromous
species displayed a significantly wider body shape than non-diadromous species. Walters (1962)
investigated body shape in, Scombroids (mackerel, tuna, skipjacks, marlin, and swordfish), a
highly active order of fishes, and found all six families within Scombroid, have a relatively high
aspect ratio and a streamlined body to promote high swimming efficiency due to their active
lifestyles. Walters (1962) also found that body width increased as standard length increased, a
pattern he thought would generate drag, thus be a poor morphological design for active fish.
Walters (1962) also determined optimal placement of maximal width would be positioned
posterior on the body. This positioning resulted in a later separation of the boundary layer (the
layer of water on the immediate vicinity of the fish’s body), which would decrease drag as much
as possible and facilitating a highly active life style. Since diadromous species have evolved a
larger body size (Bloom et al., 2018) and my results demonstrate that diadromous species have a
wider body than non-diadromous species, this indicates that the correlation between body size
and body width may hold true within diadromous Clupeiformes. My data supported the pattern
that highly active fish have a larger body width.
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I found no difference between migratory and non-migratory species among all remaining
phenotypic traits including; head height, head length, body depth, body position of maximum
depth, gill raker count, peduncle depth and length and fineness ratio. Head height, head length,
and gill raker count were predicted to show no significant difference because these traits are not
associated with locomotion. However, body shape traits such as body depth, body position of
maximum depth, and fineness ratio were predicted to be significantly different between
diadromous and non-diadromous species because a past study found that they differ in energetic
costs (Webb, 1984). Webb (1984) posited that body depth should be significantly larger and that
maximum depth would be located more posterior in diadromous fishes than non-diadromous
fishes. His reasoning included that a larger body depth located more posterior on the fish body
reduces recoil energy and decreases the early boundary layer separation. Recoil energy is the
“kick back” energy that occurs when a large amount of thrust is generated, therefore minimizing
drag while maximizing thrust (Webb, 1984). Similarly, fineness ratio predicted to significantly
differ between diadromous and non-diadromous species due because streamlining (elongation of
a fish’s body shape) can reduce drag (the higher the fineness ratio the more streamlined the body
shape) (Ohlberger et al., 2006). My data showed a wide variation in body depth and fineness
ratio. While fineness ratio heavily influenced PC one, an axis that showed some delineation of
diadromous species, the fineness ratio between diadromous and non-diadromous was not
significant. Taken together my data suggests that not all diadromous fishes have evolved a body
shape that optimizes energetically efficient swimming.
The analysis of the 10 linear measurements displayed considerable variation within the
clupeiforms. The results did not support my predictions, which suggests that the morphology of
diadromous species may not reside on one adaptive peak. Instead diadromous species have
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evolved more than one morphological form to for same performance, in this case migration. This
phenomenon is known as many-to-one mapping (Koehl, 1996; Wainwright, 2007; Wainwright
etl al., 2005). Many-to-one mapping has been studied in many taxa. For example, lizards that
contain different combinations of hind leg proportions and muscles are found to display the same
jumping ability (Toro et al., 2004), many combinations of muscle arrangements and fiber lengths
in the hind legs of guinea pigs have been known to produce the same muscle tension (Powel et
al., 1984), and different combinations of jaw linkages in labrid fish have been shown to produce
the same jaw crushing force (Wainwright et al., 2005). The concept of many-to-one mapping and
the variation presented in my results, implies that diadromous species are able to take many
forms to produce the same migratory performance. The combination of different morphological
traits such as fin surface area, caudal peduncle dimensions and body shape can imply that
migration is not the only behavior responsible to mold their morphology but underlying selective
pressures may be playing a role as well, which create mechanistic trade-offs.
Trade-offs are critical to understanding the construction of an organism’s morphology.
The many different functions and selective pressures fishes endure can result in modifications
that improve overall performance in one aspect and come at a cost in the other (Wainwright,
2007). For example, diadromous fish undergo numerous selective pressures that can have an
impact on the phenotypic appearance. These selective pressures include, migration,
environmental conditions (e.g. strong currents and waterfalls), foraging style, predation risk, and
sexual selection. Selective pressures that have a high correlation with fitness will have strong
influence on morphological evolution, whereas selective pressure that have a low correlation
with fitness will have less influence on morphological evolution. The weighing of selective
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pressures and how much power they have on molding the morphology of a species creates a
hierarchal system of selective pressures (Wainwright, 2007).
I predicted that diadromous species would evolve one optimal morphology to facilitate a
migratory behavior. If this prediction held true in my results, it would have supported the
concept that migration is the most prominent selective pressure that would drive the evolution of
a single morphology. Instead my results suggest that many selective pressures have shaped the
phenotypes of diadromous species. This hierarchal system of selective pressures plays a critical
role in the form-performance impact on populations, and it can inhibit or put constraints on the
optimization of a species and its ecological success. Diadromous clupeiformes are distributed in
a wide range of geographic locations. As a result, the hierarchy of selective pressures may vary
biogeographically. For example, species in one geographic range may migrate into a fast-flowing
stream, in which they would need to evolve morphological adaptations to overcome this barrier.
This would create a hierarchy of selective pressures with environmental conditions having the
most effect on shaping their morphology. Whereas, another species may not have to migrate into
a fast-flowing stream but, may have a large population of fast predators in which this diadromous
species may evolve morphological adaptations to out swim their predators. This population of
diadromous species would have predation risk playing the most prominent role in shaping their
morphology.

Conclusion
In this study, I used linear morphometrics and comparative methods to explore the
phenotypic differences between diadromous and non-diadromous Clupeiformes. My results show
that diadromous and non-diadromous species displayed a wide range of phenotypic variation.
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Diadromous species were predicted to significantly differ in traits that related to locomotion and
body shape. These traits included body depth, body width, fineness ratio, caudal aspect ratio,
caudal peduncle length and caudal peduncle width. Diadromous species displayed a higher
caudal aspect fin ratio and a wider body depth than non-diadromous fish. Aspect ratio and body
width are both correlated with locomotion (Walters, 1962;Webb, 1984) thus demonstrating
migration may enforce selection on some, but not all traits. This all suggests that detecting traitby-trait selection pressures requires analyzing both individual and multivariate traits. Contrary to
predictions diadromous species did not reside on a single adaptive peak, which suggests invokes
a many-to-one mapping scenario to explain the ecomorphology of diadromous Clupeiforms
(Wainwright, 2007; Wainwright et al., 2005). Many-to-one mapping has important
macroevolutionary implications in which performance of the individual is dependent upon the
individuals form and the multiple selective pressures that are exerted (Wainwright, 2007). The
effect of multiple selective pressures being exerted on a species has the potential to create tradeoff properties in which the organismal design is constrained from optimization.
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